Lithium-ion battery cathode materials have relied on cationic redox reactions until the recent discovery of anionic redox activity in Li-rich layered compounds which enables capacities as high as 300 mAh g −1 . In the quest for new high-capacity electrodes with anionic redox, a still unanswered question was remaining regarding the importance of the structural dimensionality. The present manuscript provides an answer. We herein report on a β-Li 2 IrO 3 phase which, in spite of having the Ir arranged in a tridimensional (3D) framework instead of the typical two-dimensional (2D) layers seen in other Li-rich oxides, can reversibly exchange 2.5 e − per Ir, the highest value ever reported for any insertion reaction involving d-metals. We show that such a large activity results from joint reversible cationic (M . Today's research on positive electrodes is divided into two streams. One deals with polyanionic compounds that favour safety and cost at the expense of energy density [3] [4] [5] ; and the other with chemical substitutions within the layered oxides which prioritize energy density . However, α-Li 2 IrO 3 , which enlists a structural transition on charge (from cubic close-packed O3 to hexagonal close-packed O1), presents lower cycling performances than Li 2 Ru 0.75 Sn 0.25 O 3 . Whether such a difference is nested in the existence of a structural transition or the simultaneous, rather than successive cationic and anionic redox processes for α-Li 2 IrO 3 as opposed to Li 2 RuO 3 , remains unanswered. To address these questions, we decided to probe further the effect of modifying the crystal structure on the anionic redox reactivity.
R
enewable energy sources and electric automotive transportation are popular topics in today's energy conscious society, hence placing electrochemical storage as one of the major technological challenges in this new century. Rechargeable Li-ion batteries are the technology of choice for powering electric vehicles and stand as a possible solution for grid applications provided that new advances can be made for improving the performance/cost ratio and lifetime 1, 2 . Today's research on positive electrodes is divided into two streams. One deals with polyanionic compounds that favour safety and cost at the expense of energy density [3] [4] [5] ; and the other with chemical substitutions within the layered oxides which prioritize energy density 6 . The layered oxides are based on LiCoO 2 , where Co and Li are each in 2D hexagonal arrays and Li intercalates/deintercalates via 2D migration along these sheets. Research in layered oxides has led, with the partial substitution of Co by Ni and Mn in the transition metal layer, to the presently commercialized layered oxide LiCo 1/3 Ni 1/3 Mn 1/3 O 2 phase (referred to as Li-NMC) that delivers capacities ranging from 160 to 190 mAh g ) were obtained by further substituting the transition metals by Li so as to produce the Li[Li x Ni y Mn z Co 1−x−y−z ]O 2 layered phases denoted as Li-rich NMC 7, 8 .
The staggering increase in capacity was demonstrated, via complementary electron paramagnetic resonance (EPR) and X-ray photoemission spectroscopy (XPS) measurements performed on ruthenates Li 2 Ru 1−y Sn y O 3 (refs 9,10) , to be rooted in the anionic activity with the reversible formation of (O 2 ) n− peroxo-like species accompanied by a massive cationic migration to the depleted Li layers. An increase in the covalence of the M-O bond, via the replacement of a 4d metal (Ru 4+ ) by a 5d metal (Ir 4+ ) so as to form α-Li 2 IrO 3 , was shown to prevent this migration 11 . However, α-Li 2 IrO 3 , which enlists a structural transition on charge (from cubic close-packed O3 to hexagonal close-packed O1), presents lower cycling performances than Li 2 Ru 0.75 Sn 0.25 O 3 . Whether such a difference is nested in the existence of a structural transition or the simultaneous, rather than successive cationic and anionic redox processes for α-Li 2 IrO 3 as opposed to Li 2 RuO 3 , remains unanswered. To address these questions, we decided to probe further the effect of modifying the crystal structure on the anionic redox reactivity.
Searching for Li-rich ordered rocksalt structures with enhanced 3D character, we became aware of the β-Li 2 IrO 3 polymorph 12, 13 . Its structure exhibits an unusual topology that has recently attracted a lot of interest for magnetism [12] [13] [14] [15] [16] . This hyperhoneycomb structure, which consists in a 3D long-range ordered framework of the Ir-O bonds, differs drastically from that of layered honeycomb α-Li 2 IrO 3 ( Supplementary Fig. 1 ). It is now imperative to determine whether or not the 3D edge-sharing connectivity of the IrO 6 octahedra in β-Li 2 IrO 3 can accommodate anionic distortions and thereby show the enhanced capacity associated up to now with 2D-layered Li-rich oxides. Pure β-Li 2 IrO 3 powders were prepared by a high-temperature ceramic process from a mixture of IrO 2 and Li 2 CO 3 , as described in the Methods. The synchrotron X-ray and neutron powder diffraction patterns were fitted using the Rietveld method, confirming the previously reported Fddd hyperhoneycomb structure 13 ( Fig. 1a,b Supplementary  Fig. 2 ). β-Li 2 IrO 3 is built on edge-sharing IrO 6 octahedra that form a 3D matrix in which Li ions occupy all available octahedral sites. The structure can therefore accommodate Li migration via corrugated interconnected paths, as shown in Supplementary Fig. 3 . Figure 2a shows the electrochemical performances of β-Li 2 IrO 3 cycled versus Li in Swagelok cells between 2 and 4.8 V at a C/10 rate. Remarkably, all Li can be removed, leading to an 'IrO 3 ' phase which can then uptake nearly 1.8 Li in the following discharge. More specifically, the first charge shows a staircase profile, with the presence of four successive plateaux at 3.45, 3.50, 4.40 and 4.55 V versus Li
, that can be visualized by four peaks in the dx/dV plots (Fig. 2b) . Such peaks remain well defined on the subsequent discharge. This contrasts with the typical behaviour of Li-rich oxides: a staircase voltage profile on the first charge that converts to an S-shaped profile on the following discharge, which is associated with inter/intra layer cationic migrations 9, 17 . It also differs from the electrochemical behaviour of the α-Li 2 IrO 3 polymorph, which shows only two oxidation plateaux that progressively transform upon cycling into S-shaped profiles 11 . Fig. 2b also shows a minor downshift in voltage of the anodic and cathodic peaks with continued cycling up to 4.8 V, which can be avoided by limiting the cutoff voltage to 4.5 V (see Supplementary Fig. 4 ).
To better understand Li-driven structural changes in β-Li 2 IrO 3 , in situ X-ray powder diffraction (XRD) was performed (Fig. 2c) . We observe four successive biphasic regions, each of them corresponding to a well-defined plateau in the voltage-composition curve (Fig. 2c) . Each inflexion point, at x = 1.5, x = 1, x = 0.35 and x = 0 in β-Li x IrO 3 , corresponds to a single phase. The TEM analysis of these single phases reveals that the arrangement of the Ir atoms is preserved even when all Li is extracted ( Supplementary  Fig. 5 ). Refined XRD patterns (shown in Supplementary Fig. 6 ) demonstrate that when charging from x = 2 to x = 1, the Fddd space group is preserved with only a change in the lattice parameters (Fig. 2c,d) . When x reaches 0.35, the symmetry of the material is lowered to the monoclinic, C2/c space group (note the corresponding reflection splitting in the 18.5 Table 2 ). The fully oxidized phase Li x IrO 3 (4.8 V, x ∼ 0) shows a significant broadening of the peaks, most likely associated with increasing strain in the structure, and can also be indexed in the C2/c space group with a smaller β angle as compared to Li 0.35 IrO 3 ( Supplementary Fig. 6d ). The feasibility of removing all Li + ions from β-Li 2 IrO 3 , while preserving the structural framework, is somewhat spectacular as this is normally seen only in polyanionic and spinel compounds; with the main difference that two atoms out of six (that is, 33%) can be extracted from β-Li 2 IrO 3 , whereas it is only one out of seven (that is, 15%) for LiFePO 4 or LiMn 2 O 4 . Upon discharge, the XRD pattern of the fully charged sample converts back to that of the pristine phase via the same sequence of structure transformations. This demonstrates the reversibility of the charge/discharge process but does not provide clues on the nature of the involved redox species.
To grasp further insights into the mechanisms of the Li-redox processes in β-Li x IrO 3 , XPS measurements were carried out on the pristine sample (x = 2), on ex situ oxidized samples at x = 1.5, 1, 0.35, 0, and on the compound that was charged to 4.8 V and discharged to 
V versus Li
. Figure 3a ,b shows a shift of the Ir 4f peak towards lower energies together with the appearance of an extra O 1s peak (red peak in Fig. 3a ) associated with the formation of peroxo-like (O 2 ) n− species during the charging process. During the subsequent discharge, the opposite variations are seen, indicating a reversible oxidation/reduction of both metal and oxygen upon cycling, as reported for the previously investigated Ru-and Ir-based layered Li-rich compounds [9] [10] [11] . Moreover, Fig. 3d shows that the portion of redox that can be attributed to peroxo-like species increases monotonously until the end of charge at 4.8 V (x = 0), where it reaches ∼55%. Similarly, the evolution of the Ir 5d population based on the Ir valence bands (Fig. 3c) indicates that the metal oxidation takes place preferentially during the first part of charge. Overall, these results indicate that Li-deinsertion-driven cationic and anionic oxidation processes in β-Li 2 IrO 3 occur conjointly, as seen in α-Li 2 IrO 3 (ref. 11) .
At this stage, to explore the synergy between redox processes and structural transformations, we exploit complementary neutron powder diffraction, high-resolution scanning transmission electron microscopy (STEM) and density functional theory (DFT) calculations. An ex situ neutron powder diffraction (NPD) pattern was recorded on the sample charged to 4 V (Li x IrO 3 with x = 1). The NPD pattern can be indexed with the Fddd orthorhombic space group (Fig. 1d) , with lattice parameters reported in Table 1 . Moreover, Rietveld refinements indicate that the remaining Li occupies a new tetrahedral position (Fig. 1d,e) , denoted Li3 in Table 1 . The structure refinement also reveals significant changes in the geometry of the IrO 6 octahedra ( Fig. 1c and f) . First, the average Ir-O distance reduces from 2.028 Å in the pristine structure to 1.972 Å in the charged sample, concomitantly with the decrease of the ionic radius of the Ir cations from 0.625 Å (Ir 4+ ) to 0.57 Å (Ir 5+ ) 18 . Moreover, the shortest O-O bond in the IrO 6 octahedra is significantly shorter in the charged material (2.53 Å, Fig. 1f ) than in the pristine material (2.75 Å, Fig. 1c) , which is indicative of the formation of peroxo-like species on charge.
To track the deformation of the IrO 6 octahedra, we used [110] annular bright-field STEM (ABF-STEM) images of the pristine and mid-charged, x = 1, samples (Fig. 4) , where cationic and anionic species form individual atomic columns ( Supplementary Figs 7 and 8 ). In the image of the pristine material, the O1 and O2 atomic columns are well resolved; the image also contains a weak signal from the Li columns in the octahedral positions (see the intensity profiles). In the charged x = 1 material, the signal from Li in the octahedral sites is drastically reduced in line with the NPD results. The O1 positions remain clearly visible while the O2 positions become closely projected to the Ir columns. The shortening of the Ir-O2 projected distances due to the shortening of O2-O2 distances can be seen in the [110] projection as 'flattening' of the IrO 6 octahedra. Together, the experimental STEM images and the NPD data unambiguously prove the formation of peroxolike species in the x = 1 sample, in good agreement with XPS measurements. The ABF-STEM analysis of more oxidized materials is hindered by the increasing beam sensitivity of the structures (for x = 0.35 image, see Supplementary Fig. 9 ). Nevertheless, DFT calculations reveal that the removal of one more lithium from LiIrO 3 leads to a monoclinic distortion of the structure which is in perfect agreement with the experimental data (see Supplementary Table 3) and can be explained by a significant shortening of the O1-O1 distances to reach equivalent O1-O1 and O2-O2 distances around 2.4 Å in the fully delithiated IrO 3 phase (see Supplementary Table 4) . Turning back to the cycling performances of Li/β-Li 2 IrO 3 cells (Fig. 5a) , we observed 15% capacity decay over the first 30 cycles when the cells are cycled between 2 V and 4.8 V versus Li + /Li 0 , together with a 98.5% coulombic efficiency and an excellent rate capability since 80% of the initial capacity is accessible at a 4C discharge rate (Supplementary Fig. 10 ). To understand the origin of the capacity decay, Li/β-Li 2 IrO 3 cells were cycled over different potential windows. There is only a minor decay when the cycling voltage is maintained below 4.45 V. In contrast, capacity loss is observed when the cells are cycled in the 4.45 V-4.8 V voltage domain. Electrolyte decomposition, which is enhanced at high voltage, and the poor reversibility of the structural transformation that yields 'IrO 3 ' above 4.45 V, are most likely at the origin of this decay, but we cannot at present determine which one predominates.
Finally, for sake of completion, we checked the possibility of reducing further the material and, surprisingly, β-Li 2 IrO 3 can reversibly uptake in a sustained way (Fig. 5b) Figs 11 and 12) . Overall, the β polymorph can therefore reversibly exchange 2.5 Li. This is, to our knowledge, the first compound ever reported that cycles more than 2 e − per transition metal via reversible (de)intercalation reactions.
The feasibility of preparing Li-free 'IrO 3 ' electrochemically (confirmed by atomic absorption spectroscopy) fully validates our anionic redox concept. Bearing in mind the presence of Ir This shortening of the projected Ir-O2 distances is consistent with the decreasing O2-O2 separation found in the NPD structure refinement (c,f).
Li
+ in these phases, while all Li can be removed from β-Li 2 IrO 3 at room temperature. Lastly, within this context of high-capacity materials, it is worth mentioning the recently reported rocksalttype nanostructured 'Li 4 Mn 2 O 5 ' phase 20 , whose composition and structure are not yet determined.
We have previously shown, via the study of α-Li 2 IrO 3 11 , that it is possible to suppress the typical electrochemical behaviour of Li-rich layered oxides, where a staircase voltage profile on charge is followed by an S-type profile on discharge, by increasing the covalence of the M-O bond via the use of heavier 5d metals. This finding is reinforced with the β-Li 2 IrO 3 polymorph which, in contrast to the α polymorph, does not show the resurgence of the S-shape after several cycles, and remains stable after full Li removal. The elastic constants of both the α-and β-Li x IrO 3 polymorphs were computed from DFT as a function of the Li content x ( Supplementary  Fig. 13 ). The results show that the β-phase displays a more isotropic mechanical response to stress than the α-phase, as expected from its 3D structure. Moreover, the α-Li x IrO 3 phase at low Li content is predicted to be thermodynamically unstable with respect to shear stress, while the β-phase remains mechanically stable down to x = 0.
The oxidation path for β-Li 2 IrO 3 counts several steps that we could ascribe to structural phase transformations. The electronic structures computed for β-Li x IrO 3 at different Li content (x = 2, 1, 0) confirm the synergetic cationic and anionic redox processes at each step of the delithiation, with an equivalent contribution of Ir and O in the band lying below the Fermi level for Li 2 IrO 3 and LiIrO 3 (Fig. 6a, left) . Focusing on the oxygen network (from now on, O1 and O2 refer to the Fddd description), the progressive formation of peroxo-like species is clearly visible through the discretization of the O(2p)-band when going from Li 2 IrO 3 to IrO 3 (see the O(2p)-band in Fig. 6a, right) . The evolution of the band lying just above the Fermi level shows that O2 is mostly involved in the oxidation process from Li 2 IrO 3 to LiIrO 3 , while O1 is mostly involved in the oxidation process from LiIrO 3 to IrO 3 . Moreover by monitoring the oxidation degree of O1 and O2 via the variation of O1-O1 and O2-O2 distances for each voltage-composition plateau (Supplementary Table 4 ) we could confirm, as depicted by histograms in Fig. 6b , that both oxygens are equivalently oxidized during the first (3.45 V) and the fourth processes (4.55 V) while O2 and O1 are mostly involved in the second (3.50 V) and third (4.40 V) oxidation processes, respectively. Such minor local structural changes could be at the origin of the small potential splitting in the low-and high-voltage plateaux.
In contrast, the one volt step increase at x = 1 could be due to the redistribution of the Li + ions from the octahedral to the tetrahedral site, as observed by neutron diffraction, since a step of similar amplitude was for instance observed in spinel Li 2 Mn 2 O 4 upon the de-insertion of one Li when the remaining Li + ions move from octahedral to tetrahedral sites. To further support this hypothesis, the electronic band structure was calculated for the β-Li 2 IrO 3 and for the α-Li 2 IrO 3 polymorph for sake of comparison ( Supplementary Fig. 14 and Supplementary Table 5 ). They are nearly identical despite different crystal structures, suggesting that the topology of IrO 6 -IrO 6 interactions is similar in both systems, and that equivalent electrochemical responses should be expected. This is clearly the case for the low-voltage processes, for which both phases undergo a joint cationic/anionic redox at very close average voltages (∼3.45 V). On the other hand, for the high-voltage process, , suggesting also the importance of the differing structural changes, namely the modification of Li sites from octahedral to tetrahedral in the β-phase and the phase transition involving a gliding of IrO 6 layers in the α-Li 2 IrO 3 polymorph.
The band structures of both polymorphs are consistent with the formation of peroxo-like species at the early stage of the oxidation process. Thus, it is tempting to see the existence of a distorted IrO 6 octahedron in the pristine material as an indicator for anionic redox activity at low potential, therefore opening new directions for novel high-energy-density materials. This is certainly the case for both β-and α-Li 2 IrO 3 , but further examples are needed to ensure the robustness of such a correlation. This structural feature in the pristine material could imply the presence of ligand holes in the pristine compound, not spotted by XPS, which would be neutralized by the addition of extra electrons, via classical electrochemical reduction, provided that the structure has extra sites to accommodate Li + ions. Along that line, the possibility to further reduce β-Li 2 IrO 3 is not surprising, and fully complies with the ligand hole chemistry pioneered by J. Rouxel for chalcogenides [21] [22] [23] . In this report, we have demonstrated the feasibility of triggering anionic redox activity in ordered 3D compounds. Moreover, we show that a 3D structure can present some advantages such as the feasibility to remove all Li, owing to a greater stability of the structure and to achieve better capacity retention than its layered counterpart thanks to the absence of shear stresses associated with the gliding of the planes during cycling. Several interesting findings are worth mentioning. Firstly, there is a concomitant occurrence of cationic and anionic redox processes while such processes are decoupled in Li 2 RuO 3 (ref. 9) , with the anionic redox activity being triggered at potentials as low as 3.4 V versus Li + /Li 0 . Secondly, the anionic redox mechanism progresses continuously on charge, irrespective of the structural transitions observed, suggesting that the voltage needed for anionic redox phenomena is closely linked to the M-O bonding and can therefore be tuned. Thirdly, we show that these redox processes do not trigger transition metal migrations as in the Ru-based layered compounds 10 . Lastly, the 3D β-Li 2 IrO 3 compound can be both fully oxidized and reduced, a feature not present with Li-rich NMC layered oxides. These findings offer additional clues to theorists to further investigate the physics at work in these Li-rich oxides.
Overall, with the reversible uptake of 2.5 Li per transition metal, the β-Li 2 IrO 3 polymorph nearly sets a record. Another unique feature of β-Li 2 IrO 3 is its ability to lose all of its Li atoms, that represents 33% of the atoms in the formula unit while keeping its structural integrity. This situation has never been seen in any layered oxides. Consequently, by increasing the structural dimensionality in oxides, we now have access to a rich crystal chemistry, thereby opening wide the research field for new high-capacity electrodes relying on reversible anionic redox activity.
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